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Introduction
Clutch size has long been recognized as a fundamental life 
history trait (Lack 1947). It is now clear that the amount of re-
sources invested in individual offspring (i.e. offspring qual-
ity) is equally critical, and some have argued persuasively 
that investment patterns rather than number of offspring is 
the more important target of selection (Lloyd 1987). The op-
timal allocation of resources in offspring depends not only on 
the trade-off between size and number of offspring (Smith & 
Fretwell 1974) but also on unpredictable external factors such 
as resource availability and intra-specific competition (Lack 
1947). Further complicating the task for parents is parent–
offspring conflict, whereby parents and offspring may have 
different optima for investment patterns (Trivers 1974). The 
degree to which parents are able to optimize resource allo-
cation to their offspring in the face of these challenges, and 
the mechanisms used to achieve this allocation, are central is-
sues for understanding both the evolution of family conflict 
and the evolution of life history strategies generally (Mock & 
Parker 1997; Parker et al. 2002).
Competitive hierarchies among offspring in a brood have 
particularly strong influence on patterns of juvenile mortal-
ity in taxa where parents feed their offspring. These hierar-
chies may be part of an adaptive parental strategy in some 
contexts, but they may negatively impact parental fitness in 
others (Mock & Parker 1997). In birds, a widespread cause of 
competitive asymmetries is hatching asynchrony, whereby 
early-hatching chicks gain a significant advantage over later-
hatched siblings simply due to age and size (Clark & Wilson 
1981; Magrath 1990; Mock & Parker 1997). Lack (1947, 1954) 
first proposed that hatching asynchrony comprises an adap-
tive parental strategy to facultatively reduce brood size to 
align with resource availability. Although adaptive brood re-
duction is unlikely to be a universal explanation for the exis-
tence of hatching asynchrony (Clark & Wilson 1981; Magrath 
1990; Stenning 1996; Stoleson & Beissinger 1997), it remains 
clear that competitive asymmetries set up by parents often 
have repercussions for nestling mortality, and thus reproduc-
tive success (Mock & Parker 1997).
The distribution of food among the brood is the outcome 
of both parental and offspring decisions. Parents can medi-
ate the effect of hatching asynchrony on offspring mortality 
by controlling food distribution to offspring (hereafter “paren-
tal allocation”). Some theoretical models of parental allocation 
from a parent–offspring conflict perspective show that parents 
should feed the “neediest” chicks, though defining an empiri-
cal metric for need is the source of some debate (Godfray 1991; 
Price et al. 1996; Mock et al. 2011). However, in asynchronously 
hatching broods, sibling competition may supersede paren-
tal control for optimal distribution of resources regardless of 
the specific needs of each offspring. Early-hatching chicks are 
generally larger than their later-hatching siblings, and can of-
ten receive more parental provisioning simply by outcompet-
ing or even killing their younger siblings (Mock 1984; Drum-
mond et al. 1986; Ploger & Mock 1986; Cotton et al. 1999). Life 
history theory confirms that the demise of junior chicks can, 
on average, benefit parental fitness—that is, sibling rivalry can 
be a mechanism of adaptive brood reduction (Mock & Parker 
1986). However, hatching asynchrony and sibling rivalry also 
come with costs, such as too much brood reduction when con-
ditions are good (Forbes 1994). When brood reduction is costly 
parents are expected to compensate for hatching asynchrony 
by investing more in later-hatching chicks (Slagsvold et al. 
1984; Budden & Beissinger 2009). Despite such expectation, 
parental compensation is apparently uncommon except in a 
few taxa; for example, parrots (Stamps et al. 1985; Krebs et al. 
1999; Budden & Beissinger 2009) and some waterbirds (Hors-
fall 1984; Leonard et al. 1988).
Published in Ecology Letters (2012); doi: 10.1111/ele.12040
Copyright © 2012 Blackwell Publishing Ltd/CNRS. Used by permission.
Submitted October 23, 2012; accepted October 30, 2012; published online December 4, 2012.
Family Dynamics Through Time: Brood Reduction Followed  
by Parental Compensation with Aggression and Favoritism
Daizaburo Shizuka 1,2 and Bruce E. Lyon 3
1. School of Biological Sciences, University of Nebraska–Lincoln, Lincoln, NE, USA
2. Department of Ecology and Evolution, University of Chicago, IL, USA
3. Department of Ecology and Evolutionary Biology, University of California, Santa Cruz, CA, USA
Corresponding author — D. Shizuka, email dshizuka2@unl.edu
Abstract
Parental food allocation in birds has long been a focal point for life history and parent–offspring conflict theories. In asynchronously 
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the costs of competitive hierarchies while gaining the benefits of hatching asynchrony.
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These theoretical and empirical patterns of parental alloca-
tion beg the question: when should parents favor the strong, 
advantaged chicks, and when should they favor the disadvan-
taged chicks? The particular conditions that favor one strategy 
over the other (e.g. resource abundance, brood size, offspring 
condition) may change rapidly. One potential way to track 
such changes is to use different allocation rules during differ-
ent stages of the parental cycle, allowing advantaged chicks to 
outcompete their siblings at one point and favoring disadvan-
taged chicks at another (Mock et al. 2011). Theoretical models 
do not yet account for such potential shifts in parental alloca-
tion strategies (Mock et al. 2011), and we currently lack empir-
ical data to suggest whether, and how, such shifts in allocation 
play a systematic role in parental strategies. The lack of empir-
ical tests for shifts in parental allocation rules is at least in part 
due to the difficulty of observing parental provisioning after the 
offspring leave the nest. However, such changes in allocation 
strategies should be observable in species where offspring can 
be followed throughout the parental care period.
In this study, we investigate how patterns of parental allo-
cation patterns change across time in asynchronously hatching 
broods of American coots (Fulica americana), and we explore 
how parents can control allocation patterns through aggres-
sion and favoritism. We further connect these flexible allo-
cation patterns to two important life history traits: offspring 
number and size. We suggest that flexibility in parental alloca-
tion patterns with respect to brood reduction and compensa-
tion may be an important component of avian life history and 
parent–offspring dynamics.
Materials and Methods
Study species
American coots lay relatively large and highly variable 
clutch of eggs (median = 9 eggs, range 4–15 eggs, n = 279 
clutches) in nests built in vegetation over water. Incubation 
begins during egg-laying (Arnold 2011), and hatching asyn-
chrony can be extreme (range 2–11 days from first to last egg 
to hatch; median = 6 days n = 98 nests). Coot chicks are able to 
leave the nest soon after hatching but require parental provi-
sioning of at least 10 days or until they are able to feed inde-
pendently, although some chicks are fed for 30–40 days (Ryan 
& Dinsmore 1979; Lyon 1993). There is no overt sibling ag-
gression, but chicks compete for parental provisioning by fol-
lowing parents during foraging forays within the breeding 
territory. Death by starvation is common: in broods that suc-
cessfully hatched chicks, half of the offspring died before in-
dependence, on average (proportion of eggs lead to fledglings: 
52% of 1289 eggs, Lyon 1993; 51% of 601 eggs, this study). 
Most broods fail to fledge all of the chicks that hatch (97% of 
156 nests, Lyon 1993; 93% of 61 nests, this study), and chicks 
hatching later in the sequence have disproportionately high 
rates of mortality (Lyon 1993).
American coots and other close relatives commonly display 
parental aggression in the form of “tousling,” whereby the 
parent grabs and shakes the chick by the head or nape (Hors-
fall 1984; Leonard et al. 1988). Extreme aggression is used by 
American coots to reject brood parasitic chicks, but the form 
of aggression differs qualitatively from the typical level of ag-
gression shown to their own offspring (Shizuka & Lyon 2010). 
Previous studies in other species showed that tousled chicks 
subsequently spend less time near the adult, and thus, tou-
sling is used to regulate the amount time each chick spends 
following the parent and encourage them to begin feeding in-
dependently (Horsfall 1984; Leonard et al. 1988).
Another salient feature of coot parental care is brood di-
vision, whereby each parent selectively favors a subset of the 
brood—although this is only known previously from a study 
of three broods of Eurasian coots (Fulica atra) (Horsfall 1984), 
and is apparently absent in moorhens (Gallinula chloropus) 
(Leonard et al. 1988). Brood division has been observed widely 
in altricial species in the period after fledging (reviewed in 
Lessells 2002). In this study, we focus additionally on within-
parent skew in feedings towards a preferred chick—hereafter 
“single-chick favoritism.”
Nest monitoring and observations
We monitored 75 non-experimental nests across five dif-
ferent wetlands in the Williams Lake, British Columbia, Can-
ada area in 1988 and 2005–2008. We monitored nests every 
1–4 days during egg-laying. In 1988, chicks were captured at 
the nest upon hatching. In 2005–2008, we hatched chicks in 
captivity to ensure that all chicks could be captured and accu-
rately identified to individual at each nest. We took eggs from 
nests at first sign of pipping, typically one or 2 days before 
the chicks hatched. Eggs were uniquely labeled and hatched 
in an incubator (Hovabator model 1602N, GQF Manufactur-
ing, Savannah, GA, USA), with each egg inside its own indi-
vidual mesh pouch. We returned chicks to nests within 24 h 
of hatching. For all chicks, we attached color-coded nape tags 
that were individually unique within each brood so we could 
follow individual chicks throughout the parental care period 
(Arnold et al. 2011).
In all years, we conducted censuses and feeding observa-
tions periodically throughout the parental care period (me-
dian = 9 observations per brood; median last day of obser-
vation = 25 days after hatching completion). Brood censuses 
and behavioral observations were conducted at close range 
(10–40 m) from floating mobile blinds equipped with camou-
flage coverings. The sex of each parent was determined by the 
unique vocalizations of each sex (Guillon 1950). Once birds 
were sexed by call we then noted plumage and frontal shield 
characteristics that enabled reliable visual identification of 
each of the two parents on each territory.
Measuring chick size in the wild
To obtain body size measurements of the highly mobile 
chicks, we used a digital Nikon D70 camera with a 400 mm 
manual-focus lens calibrated to accurately indicate the dis-
tance of an object in focus up to a distance of 15 m. We took 
photos of swimming chicks (n = 186 photographs of 115 chicks 
from 23 broods) from floating blinds and then estimated sizes 
of chicks (body length at waterline) using calculation methods 
previously described for this species (Lyon 1994). To ensure 
accuracy in our size estimates (Lyon 1994), we used only pho-
tographs that fit all of the following criteria: (1) chick was in 
sharp focus, (2) chick photographed in profile and (3) chick’s 
length at waterline could be accurately assessed. Body length 
at waterline was strongly correlated with body mass in the 
previous study (Pearson r = 0.97, Lyon 1994), indicating that 
the method is accurate. To compare relative chick sizes within 
a brood, we photographed multiple chicks from a brood on 
the same day and calculated relative chick size as the deviance 
from the mean body length of the brood on a given day.
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Survival analysis and identifying the timing of brood 
reduction
We used survival analysis (n = 435 chicks at 57 nests in 
2005–2008 for which we had survival data up to at least 
16 days) to determine whether patterns of chick mortality 
were related to hatching order. We binned the census data 
into 5-day “census periods” beginning with the day after all 
chicks in a nest had hatched (1–5 days, 6–10 days, 11–15 days, 
16–20 days, 21–25 days and 26 + days after all chicks hatched). 
Not all broods were observed at every time period. A chick 
was assessed as dead on the first census period in which it 
was not observed, given that it was never seen again. The data 
were right-censored. Each chick was assigned a position in 
the hatching sequence (hereafter “hatch order”) based on the 
day it hatched relative to all others in the nest (hatch order of 
chicks hatched on first day = 1). When multiple chicks hatched 
on the same day at the same nest, they were classified with the 
same hatch order.
Our goal was to use survival analysis to determine the pe-
riod during which hatch order has a predominant effect on 
offspring mortality above and beyond background rates of 
mortality—that is, the period of brood reduction (Mock 1994). 
We used a series of Cox regressions with change point (Liang 
et al. 1990; Pons 2003). Briefly, these models divide the data 
into two discrete time steps, and we analyze the effect of hatch 
order on survival at both time steps. If brood reduction is re-
stricted to the early period of parental care, then there will be 
a time step that divides the brood reduction period (i.e. where 
hatch order is a significant factor) from the non-brood reduc-
tion period (i.e. hatch order is not a significant factor). If brood 
reduction were continuous across the parental care stage, then 
hatch order would be a significant factor in the model be-
fore and after every time step. We conducted a Cox regression 
with a change point set at 5, 10, 15 and 20 days to determine 
whether there were any time steps that distinguished between 
a brood reduction vs. non-brood reduction period. All Cox re-
gressions included nest as a random effect.
Analysis of relative body size
After determining the timing of brood reduction, we in-
vestigated the effects of feeding rates and hatch order on the 
relative body size of chicks during and after the brood reduc-
tion period. We constructed separate linear mixed-models for 
the time period during brood reduction (days 1–10) and after 
brood reduction (post day 10) with hatch order and propor-
tion of feedings received during that time period as fixed ef-
fects and nest as the random effect. The response variable was 
relative body size, measured as deviance from the mean body 
size in the brood. Members of the same brood were photo-
graphed on the same day.
Sequential analysis of parental allocation and aggression
We investigated how parents allocate both feedings and ag-
gression among offspring with respect to relative hatch order, 
and whether these dynamics changed across time. For each 
brood, we summed all observations conducted within the same 
5-day observation period (same binning as census periods de-
scribed above), and excluded observation periods in which 
fewer than 20 total feeds were observed. For each observation, 
we first classified each chick according to its hatch order rela-
tive to all other brood mates that were alive during that obser-
vation. We binned relative hatch order into three classes: “first-
hatched,” “middle-hatched,” or “last-hatched.” “First-hatched” 
chicks were those that had the earliest hatch date among the 
surviving brood. “Last-hatched” chicks were those that had 
the two latest hatch dates among the surviving brood—this 
sometimes included more than two chicks. “Middle-hatched” 
chicks were those that hatched in between the “first-” and “last-
hatched” chicks. Not every brood contained “middle-hatched” 
chicks at every observation. We use relative hatch order for 
these analyses rather than absolute hatch order because com-
petitive ranks are affected by the death of brood mates (e.g. if an 
early hatched chick dies, middle-hatched chicks would then be-
come the earliest-hatched among the survivors).
We used generalized linear mixed-models (GLMM) to de-
termine whether patterns of food allocation changed across 
time. We first constructed a global model with the number 
of feedings received as the response variable, brood as a ran-
dom effect, and hatch order, observation period and their in-
teraction as fixed effects. To compare the specific allocation 
patterns across time, we then constructed a separate GLMM 
for each observation period with the number of feedings re-
ceived as the response variable, brood as a random effect and 
relative hatch order as the fixed effect. As the response vari-
able showed over-dispersion, we used quasi-Poisson error. 
We then conducted multiple comparisons to test the effect of 
hatch order on the proportion of feedings each chick received.
To analyze patterns of parental aggression, we calculated a 
“tousle index” for each chick for each observation that allowed 
us to control for the variation in the amount of time each chick 
spent near parents. The tousle index is (# tousles received) ÷ 
(# tousles received + # feedings received), which serves as an 
index of the rate of tousling per interaction with parents. To 
determine whether patterns of parental aggression changed 
over time, we constructed a global model with the number of 
tousles received within each 5-day observation period as the 
response variable, brood as a random effect, and hatch order, 
observation period and their interaction as fixed effects. To 
compare specific patterns of parental aggression within each 
time period, we then constructed separate GLMM for each 
5-day observation period, with the tousling index as the re-
sponse variable, hatch order class as the fixed effect, brood as 
the random effect and quasi-Poisson error.
Next, we tested whether tousling during one time period 
affected the provisioning patterns in the subsequent time pe-
riod. If older chicks reduce their dependence on parental pro-
visioning independently of the amount of tousling they re-
ceive, then hatch order but not tousling index will have an 
effect on the amount of feedings a chick receives in the next 
time period. Conversely, if parental aggression encourages 
chicks to feed independently, then aggression should reduce 
the proportion of feeds that the chick receives in the next ob-
servation period, but this effect may be different for older 
chicks vs. the younger chicks that the parents later favor. We 
used the same 5-day blocks as observation periods as above, 
and we included 274 observation blocks from 133 chicks 
among 21 broods in 1988 and 2005—the 2 years when we con-
ducted the more intensive observations required for this anal-
ysis. We constructed a GLMM with individual nested within 
brood as the random effect, and hatch order as binary “early-” 
and “late-hatched” categories, tousling index and their inter-
action as the fixed effects. The response variable was the num-
ber of feedings received in the next observation period with 
brood total as the offset term.
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Skew index
We used the Binomial Skew Index (Nonacs 2000) to quan-
tify the degree to which each parent non-randomly distributed 
food among the brood: 
           N
B = ∑ (Pi— ni  )2— (1—1/N¯ )          i = 1          Nt               K
For a given observation period, N is the total number of chicks 
in a brood, K is the number of feedings that a parent provi-
sions to the brood and pi is the proportion of the K feedings 
that individual i received. Within a given 5-day observation 
period, ni is the number of observation bouts in which individ-
ual i was seen and Nt is the total sum of ni for all individuals. 
N¯ is the average number of chicks during an observation bout, 
for example, Nt divided by the number of bouts. Thus, this in-
dex accounts for instances in which an individual offspring 
was present for only some of the observations because they 
died during the observation period. Nonacs (2000) showed 
that:
Bequal =
  (1/N¯ —1)
                     K
                                                   N
Bmonopoly = 1—
 2n1 + ∑  
ni2  +  
(1/N¯—1)
                         Nt      i = 1 Nt
2           K
where Bequal is the expected skew index under equal distribu-
tion of food, and Bmonopoly when chick i = 1 monopolizes all pro-
visioning from a given parent during an observation period. 
Using these equations, we scaled the skew index: 
B′ =
          B—B equal 
         B monopoly—B equal 
Thus, B′ is 0 when all chicks receive equal amounts of pro-
visioning, and B′ is 1 when one chick monopolizes all provi-
sions from a particular parent. For each brood, we measured 
the B′ index for each parent during each 5-day observation 
period in which we observed at least 10 feeding events by 
that parent.
We conducted all analyses using R version 2.13.1.
Results
Effects of hatching order on chick survival and growth
Hatching order had a very strong influence on chick sur-
vival, with later-hatching chicks suffering greater rates of 
mortality (Figure 1: Mixed-effects Cox proportional haz-
ards regression: Z = 5.69, P < 0.001). We further investi-
gated the timing of this hatch order effect by generating a 
set of Cox models with a “change point” at different stages 
(Table 1). Hatch order was a strong predictor of chick sur-
vival in the first 10 days after hatching was complete (left of 
dashed line in Figure 1: Z = 6.4, P < 0.001). In contrast, hatch 
order was not a significant predictor of survival from day 10 
to the end of our censuses (right of dashed line in Figure 1: 
Z = 1.4, P = 0.17). Thus, although hatch order has major ef-
fects on chick mortality, this effect is restricted to about the 
first 10 days after hatch completion.
The effect of hatch order on the relative body size of 
chicks differed before and after day 10 post-hatching. Dur-
ing the brood reduction period (first 10 days after last hatch), 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
early-hatched chicks were relatively larger, regardless of 
the amount feedings received during this period (Figure 2a; 
Mixed-effects model; effect of feedings: likelihood Chi2 = 0.68, 
df = 1, P = 0.41; effect of hatch order: likelihood Chi2 = 7.18, 
df = 1, P = 0.007). However, after the brood reduction pe-
riod, most of the variation in size was explained by the rela-
tive amount of provisioning received, and later-hatched chicks 
that were still alive reached slightly larger body size than 
their older siblings (Figure 2b, effect of feedings: likelihood 
Chi2 = 28.2, df = 1, P < 0.001; effect of hatch order: likelihood 
Chi2 = 3.78, df = 1, P = 0.05).
Changes in allocation patterns through time
Parental allocation patterns to chicks of different hatch or-
der changed across time (GLMM, hatch order × observation 
period interaction: Wald t606 = 3.04; P = 0.002), and the tim-
ing of this shift in allocation patterns coincided with the tran-
sition from brood reduction to equal survival among chicks 
Figure 1. Hatch-order effect on offspring survival through time. Ka-
plan–Meier curves show that chick survival varies according to po-
sition in the hatching sequence: later-hatched chicks have lower sur-
vival. This hatch order effect is evident by the census period 6–10 days 
after hatching completion. However, chick mortality after Day 10 
does not differ among hatch order: all chicks that survive the initial 
10 day brood reduction period then have equal probability of survival 
through the first month, irrespective of hatch order.
Table 1. Mixed-effects Cox regression results with change points. For 
each model, we assess the effect of hatch order on survival before and 
after the change point. Day 10 is the earliest point at which we can de-
tect a switch between hatch order-based survival to hatch order-inde-
pendent survival.
Change point Before Change point After change point
 Z  P  Z  P 
Day 5 6.2 < 0.001 2.4 0.016
Day 10 6.4 < 0.001 1.4 0.17
Day 15 6.4 < 0.001 0.7 0.49
Day 20 6.05 < 0.001 0.8 0.44
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around day 10 post-hatching (Figure 3a). Initially, the old-
est chicks received the most parental provisions, as expected 
given the competitive advantages from their larger size. How-
ever, the youngest of the surviving brood began to receive 
disproportionate amounts of parental provisioning starting 
around day 6–10 post-hatching. This delayed parental com-
pensation towards the youngest of the survivors explains why 
hatch order correlates with both chick survival (Figure 1) and 
relative size (Figure 2) during the brood reduction period, but 
not after.
Parental control of allocation patterns
The allocation of parental aggression towards chicks of 
different hatch order shifted across census periods (GLMM: 
hatch order × observation period: Wald t614 = 2.2, P = 0.03). 
There were no significant differences between first-, middle- 
and late-hatched chicks in their tousling index during the 
early part of the provisioning period (Figure 3b). However, 
first- and middle-hatched chicks received more tousles per 
interaction with parents than their later-hatched siblings af-
ter day 10 (Figure 3b). This shift coincides with the end of the 
brood reduction stage (Figure 1), and accompanies the shift in 
provisioning patterns (Figure 3a).
Parental aggression had an effect on the amount of food 
that early-hatched chicks receive in the subsequent observa-
tion period, but not the late-hatched chicks (GLMM: hatch or-
der × tousle index: t138 = 2.3, P = 0.02). Thus, parents use pa-
rental aggression as a way to modulate the amount of feedings 
that are allocated to older vs. younger offspring.
Both the male and female increasingly skewed their alloca-
tion of food within the brood over the course of the parental 
care period. The skew index (B′) reaches an asymptote around 
day 11–15 post-hatching (Figures 3a and 4a: mean skew for 
Days 11–15, female: 0.67 ± 0.03; male: 0.68 ± 0.03). During this 
period of maximal skew, each parent typically allocated the 
vast majority of their feedings to a single chick, hereafter the 
“favorite” chick (Figure 4b, c; proportion of total uniparental 
feeds received by favorite chick = 0.80 ± 0.03 for female feeds; 
0.82 ± 0.03 for male feeds). Moreover, each parent chooses a 
different “favorite” chick. During the interval day 11–25, 
each parent rarely ever fed the chick that the other parent fa-
vored (proportion of male feeds received by female favorite: 
0.024 ± 0.012; proportion of female feeds received by male fa-
vorite: 0.006 ± 0.003). Finally, each parent favors a chick that is 
among the youngest of the survivors (Table 2: Fisher tests for 
bias in hatch order: female favorite vs. not favored, P = 0.002; 
male favorite vs. not favored, P = 0.012). There was no dif-
ference between the sexes in their tendency to favor a later-
hatched chick (female favorite vs. male favorite, P = 1.0). The 
lone case in which both parents favored the same chick (Ta-
ble 2) occurred in a brood of two chicks, and both chicks re-
ceived provisions from both parents. Therefore, coots show an 
extreme form of brood division whereby each parent favors a 
different single chick, and the favorites are among the young-
est of the brood to survive past brood reduction.
Discussion
Our results show striking congruence in the timing be-
tween the end of brood reduction (Figure 1) and a dramatic 
shift in parental allocation patterns (Figure 3a). Initially, early-
hatched chicks receive more food than their later-hatched sib-
lings, presumably because they are at a competitive advan-
tage and because parents do not exert control. Although the 
exact timing may differ across broods, coot parents begin to 
favor the youngest chicks of their brood around 6–10 days af-
ter hatching is complete (Figure 3a). The shift in allocation pat-
tern is accompanied by increased parental aggression towards 
senior chicks (Figure 3b) and extreme favoritism: each parent 
favors a single chick, and these chicks tend to be among the 
youngest of the brood to survive (Figure 4, Table 2). This strat-
egy results in equal-sized chicks prior to independence (Fig-
ure 2), evidence that adjustment of brood size can be coupled 
with flexible parental allocation rules that mitigate the effects 
of competitive asymmetries among offspring.
Life histories of asynchronously hatching birds have clas-
sically been categorized into two distinct strategies: “brood 
Figure 2. Changes across time in hatch order-dependent size hierarchies within broods. The plots show individual body sizes as deviance from 
mean offspring body size in the brood on a given day. Chicks from a given brood are photographed on the same day. Cubic spline fits with 95% 
confidence bands are shown, but statistical analyses incorporate nest as a random effect. (a) During the early period of brood reduction, later-
hatched chicks are relatively smaller than their older siblings. (b) However, the later-hatched chicks eventually catch up to their older siblings 
prior to independence.
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reducing” and “brood survival” strategies (Slagsvold et al. 
1984). Brood reducers are thought to skew investment towards 
earlier hatching chicks and promote the death of late-hatch-
ing chicks (e.g. Drummond et al. 1986; Ploger & Mock 1986; 
Schwabl et al. 1997), whereas the brood survival strategy en-
tails compensating for hatching asynchrony by increasing al-
location towards later-hatching chicks (e.g. Stamps et al. 1985; 
Krebs et al. 1999; Budden & Beissinger 2009). In some cases, 
the optimal parental strategy may be to utilize both strategies 
at different times in the same reproductive bout, but such flex-
ibility has rarely been shown empirically or considered in the-
oretical models. We show that American coots exhibit the at-
tributes of both a “brood reducing” and “brood survival” 
strategy, and they employ these allocation patterns at differ-
ent stages of the nesting cycle. This particular mix of paren-
tal strategies may be advantageous because it simultaneously 
allows for adjustment of offspring number through brood re-
duction and adjustment of offspring size through parental 
compensation.
Previous studies of coots showed that maternal invest-
ment in eggs favors the early-hatching coot eggs, potentially 
exacerbating the competitive asymmetry among offspring 
(Reed & Vleck 2001; Reed et al. 2009). Therefore, early-hatch-
ing chicks can initially out-compete their later-hatching sib-
lings for more provisions early on in the parental care period 
(Figure 3a). Later, parental aggression appears to cause early-
hatched chicks to begin feeding independently—they do not 
suffer increased mortality despite receiving less food from the 
parents—and this frees up parents to shift resources towards 
the later-hatching chicks. Such parental control behaviors have 
been reported for other subprecocial water birds such as Eu-
ropean coots (Horsfall 1984), moorhens (Leonard et al. 1988) 
and red-necked grebes (Podiceps grisegena) (Kloskowski 2001). 
Moreover, parental aggression has been observed in fledgling 
Figure 3. Changes across time in parental allocation of food and aggression with respect to hatching order. (a) The proportion of feeds received 
by chicks in each hatch order class, relative to the mean proportion received by each chick in the brood. (b) The tousle index (see Methods) rela-
tive to the mean tousle index of the brood during each observation period. Parents initially feed relatively early-hatched chicks more than the late-
hatched chicks and do not differentially tousle chicks by age. Later (particularly after day 10), parents allocate more food towards the last-hatched 
of the surviving chicks and increase tousling towards early-hatched chicks. Error bars represent ± SE **P < 0.01, *P < 0.05 based on Tukey multi-
ple comparisons of mixed-effects models.
Table 2. Females and males both favor later-hatching survivors. Fa-
voritism is determined from observations from Day 11 to the end of 
the observation period, and relative hatch order is based on surviving 
offspring at end of observation for each brood (n = 24 broods). Last-
hatched chicks include the last two hatched because there are two par-
ents, each of which favors a single chick. By definition, each parent 
has one “favorite” chick, and all other surviving chicks are classified 
as “not favored.” Two chicks that lost their nape tags are classified as 
unknown hatch order.
Relative  Female  Male  Not  Favored  
hatch order favorite favorite favored by both
First 4 5 32 1
Middle 3 4 25 0
Last 2 16 15 22 0
Unknown 1 0 1 0
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stages of altricial birds (Leonard et al. 1991; Raihani & Ridley 
2008), suggesting that some of these parental control dynamics 
may be widespread in birds. The general pattern here appears 
to be that the timing of the onset of parental aggression is as-
sociated with chick mobility and transition to independence. 
Further work, particularly with altricial species after fledging, 
is needed to test this hypothesis and confirm the generality of 
the shifting priorities in distribution of resources we have doc-
umented here.
Parental favoritism towards later-hatched chicks after 
brood reduction is associated with a combination of brood 
division (each parent feeds different set of chicks) and sin-
gle-chick favoritism (each parent favors one particular chick). 
These two patterns need not occur together, but both forms of 
skewed allocation have interesting implications for parent–off-
spring dynamics. In altricial birds, brood division is rare in the 
nestling stage, but is apparently common in the fledgling stage 
(Slagsvold 1997; Lessells 2002). The selective advantages of 
brood division are not well understood, but some hypotheses 
suggest a role of conflict, either between parents and offspring 
or between parents (Lessells 2002). Parents may also benefit 
from the informational advantage of exclusively feeding a dif-
ferent “favorite” chick—each parent will have exact informa-
tion on how much provisioning its favored chick has received. 
Theory is now needed to determine if brood division and sin-
gle-chick favoritism make sense in terms of “information war-
fare” between parents and offspring (Kilner & Hinde 2008).
Parental allocation strategies are shaped by the fitness ef-
fects of both offspring size and number (Smith & Fretwell 
1974; Lloyd 1987). Our results indicate that flexibility in allo-
cation patterns can play an important role in balancing this 
life history trade-off. However, questions remain over which 
fitness benefit drives the evolution of parental compensa-
tion: equalizing offspring size, increasing offspring num-
ber by stemming excess brood reduction or both. That is, do 
parents begin to favor late-hatching chicks after brood reduc-
tion via sibling competition has run its course, or does favorit-
ism directly stop the process of brood reduction? This distinc-
tion is of particular interest given the suggestion that hatching 
asynchrony will always have costs in terms of lower offspring 
numbers when conditions are good because the hatching pat-
tern alone determines chick survival (Forbes 1994; Amundsen 
& Slagsvold 1996). Our results clearly demonstrate that paren-
tal allocation patterns reduce variance in offspring size (Fig-
ure 2), but we do not yet know what role parental compen-
sation has on controlling brood size. Determining this role 
will be difficult because it would require that one experimen-
tally suppresses parental aggression to examine provisioning 
and chick survival patterns in the absence of parental control 
mechanisms.
Current models of optimal parental allocation do not ac-
count for changes that occur across the period of parental care, 
such as changes in brood size, parental condition or offspring 
age and condition, and there is a need for more dynamic mod-
els (Johnstone 1996; Godfray & Johnstone 2000; Mock et al. 
2011). Our analysis demonstrates one way in which paren-
tal investment can shift across time. As some offspring die 
and others reach the critical size for independence, the opti-
mal patterns of resource allocation may shift such that exclu-
sively feeding the smallest chicks becomes favorable. Theoret-
ical models that allow for such flexibility in allocation patterns 
may resolve some of the current debates surrounding the par-
ent–offspring conflict, communication and parental invest-
ment (Mock et al. 2011). Detecting similar patterns of shifting 
parental allocation strategies in other systems would require 
detailed data on provisioning to individual offspring across 
the entire parental care period, including parental care outside 
the nest. Such data will be labor intensive to collect, but will 
help yield a more complete picture of parental strategies un-
derlying life histories in birds.
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